ABSTRACT -Spatial learning and memory (LM) is a property of central importance in the nervous system, yet many of the molecular mechanisms for benzo(a)pyrene[B(a)P]-induced LM deficits remain enshrouded in mystery. In this study, influence of exposure to B(a)P on LM deficits in adult male SpragueDawley rats was evaluated by Morris water maze. Then morphological changes in the ultramicrostructure of hippocampal neurons were observed by transmission electron microscopy. Furthermore, to better understand the molecular changes that occur in B(a)P induced LM deficits, antibody-based protein microarrays was used to analyze protein expression changes in rats submitted to sub-chronic oral gavage of B(a)P (2 mg/kg for 90 days). Results suggested that rats in the B(a)P-treated groups have significantly impaired Morris water maze performance when compared to controls. Meanwhile, the B(a)P-induced neuronal damage was also found in the hippocampus under transmission electron microscopy. Our results demonstrate that LM deficits associated protein expression signatures could be identified from tissue proteomes, as well as potential biomarkers such as retinoic acid receptor b (RARb), synaptotagmin iosfomrs 1 (Syt1) and Brain-derived neurotrophic factor (BDNF), previously not found. This study, therefore, identifies, for the first time, multiple novel proteins that are dysregulated by B(a)P, which both enhance our understanding of B(a)P induced LM deficits and represent targets of novel therapeutics.
INTRODUCTION
Benzo(a)pyrene [B(a)P] is a member of prototypical polycyclic aromatic hydrocarbon (PAH) family, and is often used as a model compound for PAH toxicity studies (ATSDR, 1995) . Human exposure to significant amounts of B(a)P occurs through the ingestion of contaminated food and water (Ramesh et al., 2004) or the inhalation of particulates in the ambient air (ATSDR, 1995) . Due to the widespread availability of B(a)P in the environment and the great potential for human exposure, the adverse effects of this compound may merit further investigation. Moreover, chronic B(a)P exposure in laboratory animals results in an array of tissue-and organ-specific responses. Therefore, the toxicities of B(a)P have been studied in animals by a number of investigators (Archibong et al., 2002; De Jong, et al., 1999; Anwer and Mehrotra, 1988; Norramit et al., 2005) and the major effects attributable to B(a)P appeared to occur in the liver, the kidney and reproductive or immune systems. However, B(a)P is highly lipophilic and easily crosses the blood brain barrier (ATSDR, 1995) . Thus the central nervous system may be highly susceptible to damage by B(a)P.
The relationship of B(a)P and spatial learning and memory (LM) deficits is currently a topic of considerable interest. A growing body of research evidences have indicated the hippocampus appeared to be critical for the formation of LM (Lubenov and Siapas, 2009; Zola-Morgan and Squire, 1990) . Evidences also suggested that the hippocampal-lesioned animals failed to exhibit LM abilities (Grova et al., 2007; Wormley et al., 2004a; White and McDonald, 2002) . Exposure to B(a)P has been reported to produce a variety of neurotoxic effects including reductions in effects mediated by motor cortex (Saunders et al., 2002) as well as reductions in long term potentiation (LTP) in the hippocampus (Wormley et al., 2004a (Wormley et al., , 2004b . Significant reductions in behavioral learning in the resulting offspring have also been investigated and hypothesized to be mediated by dysregulation of developmental glutamate receptor subunit expression (Wormley et al., 2004b) .
A recent study characterized the impact of exposure to B(a)P on modulation of glutamate receptor subunit expression that is critical for the maintenance of synaptic plasticity mechanisms. This previous study also demonstrated that significant voltage-dependent decreases in the amplitude of inward currents occur at negative potentials in B(a)P-treated cortical neuronal membranes (Brown et al., 2007) . Meanwhile, several studies have reported robust neurotoxic effects as evidenced by deficits in LM mechanisms subsequent to prenatal or subacute B(a)P exposure (Grova et al., 2007; Wormley et al., 2004a) . Recently, studies have also suggested that neurotransmitters and morphological changes in neuronal cells played an important role in modulating the neurobehavioral effects of B(a)P (Zhang et al., 2008; Niu et al., 2010) . Overall, these results from previous studies suggested that plasticity and behavioral deficits produced as a result of B(a)P exposure are at least, in part, a result of down or up-regulation of gene or protein expression. However, to date, mechanisms of underlying LM deficits induced by B(a)P remain unclear. Also, no attempt had been made to study the B(a)P neurotoxicity in a sub-chronic regimen. Therefore, the quantitative risk assessment of B(a)P has been hampered by the lack of sufficient data sets from animal studies. For a complete risk estimation, long-term animal exposure to B(a)P is essential. Gene expression profiling determines the level of mRNA, but changes in mRNA levels do not always translate into changes at the protein level (Chen et al., 2002) . Therefore, taking into account of this fact, antibody microarray was also used for the first time in our study to define the potential protein related to LM deficits induced by B(a)P. Additionally, in this study, B(a)P-induced changes in neuronal structure were also observed by transmission electron microscopy.
MATERIALS AND METHODS

Animals
Healthy adult male (N = 32; 7 weeks old; 210-220 g) Sprague-Dawley rats from Chongqing medical university Lab Animal Center were used in this study. The animals were reared in wire mesh cages (4 per cage) and were maintained in a controlled environment with conditioned air supply of temperature at 25 ± 1°C, relative humidity within 50 ± 10%, and a 12 hr-light/12 hr-dark cycle. The rats were offered certified rodent diet, and filtered tap water was available from an automatic watering system. Animals were given 7-days acclimation period to the laboratory condition. All procedures on animals were approved by the ethics committee of Chongqing medical university.
Treatments
Before treatment, animals were randomly assigned to two groups: (A) 2 mg/kg B(a)P exposed group, n = 16; (B) control group (exposure to peanut oil), n = 16. The B(a)P (99% purity, Sigma-Aldrich Co., St. Louis, MO, USA) stock solution in peanut oil (20 mg/ml) was freshly prepared weekly. Experimental animals were treated with 2 mg/kg of B(a)P by oral gavage for 90 days. B(a)P was administrated in dose of 2 mg/kg that correspond to levels of contamination in smokers, heavy consumers of smoked or grilled meat and fish, or individuals with heavy occupational exposure (ATSDR, 1995) . Meanwhile, rats in the control group were given an equal volume of peanut oil as that in B(a)P-treated group. Treatments were conducted once a day at 9:00-11:00 A.M. Additionally, during the course of experiment, the animals were checked by visual examination once a day for clinical signs of toxic effects.
Morris water maze
After a complete treatment of B(a)P for 90 days, animals from two groups were tested for their LM performance in Morris water maze. Briefly, rats were placed in the quiet experimental room for a minimum of 30 min prior to testing, and habituation trials (60 sec) were performed without a platform. The water maze consisted of a white circular pool with a diameter of 130 cm, high of 50 cm, filled with tap water to a depth of 30 cm, adjusted to 22 ± 1°C and made opaque by the addition of powdered white non-toxic tempera paint. A circular escape platform 9 cm in diameter was placed 1 cm below the surface of the water in the middle of one of the four quadrants of the pool, and this position remained constant throughout testing. Multiple distant cues around the room (window, cabinets, and furniture etc.) were kept in the same loca-tion throughout the experiments. Animals were allowed to circumnavigate the pool in search of the escape platform maximum of 60 sec, given place training consisted of four trials daily for 4 consecutive days. The animals were videotaped and latencies were recorded. On day 5, the rats were given a 60 sec retention test of the spatial location with the platform absent. The numbers of animals cross the exact location of the platform and the time spent in the target quadrant were recorded.
Section for transmission electron microscopy
Eight rats from each group were randomly chosen and used for transmission electron microscopy after Morris water maze. The chest of animal was opened by median thoracotomy under 25% urethane anesthesia (0.4 ml/100 g, i.p.). A cannula was inserted from the apical part of the left ventricle along the inter-ventricular septum through the aortic outflow tract into aorta, and was fixed there by ligation around the aorta. Phosphate-buffered saline (4°C; PH 7.4) was infused through the cannula to the body. Immediately after beginning the infusion, the right atrium became very transparent, the flushing solution was switched to a combined fixative solution of 0.1 M phosphate buffered 4% paraformaldehyde. After the fixative solution, a cube of hippocampus tissue (approximately 1 mm 3 in size) was excised from the brain, fixed in 2.5% glutaraldehyde for 2 hr, and then fixed in 1.0% osmic acid for 1 hr. The fixed specimen was dehydrated in a series of increasing concentrations of ethanol, and embedded in 618. The embedded specimen was sliced into sections on a Cm1900 Cryostat microtome (Leica. Co., Wetzlar, Germany). After being dehydrate, each section was placed on a glass slide coated with a celloidin membrance, mounted and stained with uranyl acetate and lead citrate. Then the section was observed by transmission electron microscopy.
Antibody microarray
Spring's Master Antibody Microarray, which consists of a set of two slides containing 656 antibodies printed in duplicate on glass slides. The antibodies covered many important biological processes: cancer markers, cell cycle, stress response and DNA damage repair, apoptosis, tumor metastasis, oncogene, tumor suppressors, cell differentiation, signal transduction etc. After Morris water maze, 16 rats from were decapitated under carbon dioxide anesthesia (B(a)P exposed group n = 8, control group n = 8). Then brains were removed the skull, and hippocampus were rapidly dissected and frozen in liquid nitrogen. Subsequently, protein was harvested using Cell and Tissue Protein Extraction Reagent (KangChen Bio-Tech Inc., Shanghai, China, KC-415) according to instructions. Protein Quantification was performed using the BCA Protein Assay Kit (KangChen Bio-Tech Inc., KC-430). And then, the Protein samples quantified were labeled using the Biotination Reagent (SpringBio, provided by KangChen Bio-Tech Inc.) and hybridized on the Spring's Master antibody microarray. Scanning was performed with the Genepix 4000B scanner (Axon, 532nm). Data was analyzed with Genepix Pro 6.0. After backgroundsubtraction and median normalization, the log ratio of test sample signal to control sample signal was calculated.
Statistical analysis
Behavioral measures in the Morris water maze were performed by using unpaired Student's t-test (for two groups; P < 0.05) and one-way ANOVA followed by Student-Newman-Keuls test (for comparisons among four day; P < 0.05). Microarray data statistical analysis between the control and B(a)P-treated groups was also performed through unpaired t-test. All statistical analyses were carried out using the SPSS ®, Version 17.0 (SPSS Inc.; Chicago, IL, USA). Data are reported as mean ± S.D. P < 0.05 were considered statistically significant.
RESULT
Effects of B(a)P exposure on LM ability
During the stage of hidden platform acquisition training, rats of two groups improved their performance as indicated by decreasing escape latencies across successive 4 days (Fig. 1) . However, the results also showed that rats with exposure to B(a)P required significantly more time to find the platform compared with control group (P < 0.05).
During the stage of probe trial testing, as we established in Fig. 2 and Fig. 3 , numbers of animals cross the exact location of the original platform and the time spent in the quadrant of the original platform were significantly decreased in the B(a)P-treated group compared with control group (P < 0.05).
Neuronal ultrastructural alterations
CA1 is closer to the output region of the hippocampus and it is important for representing spatial learning and memory. Therefore, 30 CA1 neurons for each section were observed in this study. On transmission electron microscopy neuronal ultrastructural alterations, such as damage of mitochondria, endoplasmic reticulum, and golgi apparatus were observed. Vacuole formation from swollen and distorted mitochondria, endoplasmic reticulum expansion, golgi apparatus disruption, nucleolus col-lapse or fragmentation and myelin sheath degeneration were found in B(a)P-treated hippocampal neurons compared with controls (Fig. 4) .
Proteins of differential expression in the hippocampus
Scanning images (shown in Fig. 5 ) were visually inspected for artifacts and distributions of signal. No irregularities were observed, and all arrays were retained. In antibody microarray, 49 proteins in the hippocampus were found to be expressed with signal intensities greater than 1.5-fold above controls. 26 proteins were up-regulated and 23 proteins were down-regulated in B(a)P-treated group (shown in Table 1 and Table 2 respectively).
DISCUSSION
A broad spectrum of neurotoxicants (e.g., environmental pollutants such as metals, pesticides, and PCBs) has been shown to cause LM deficits after sub-chronic exposure (Roelens et al., 2005; Lidsky and Schneider, 2003; Ishimine et al., 2003) . However, from the behavioral effects, it is difficult to deduce information about underlying mechanisms.
B(a)P is known to affect the central nervous system (CNS), and it has been shown to induce subtle behav- ioral abnormalities, represented mainly by LM deficits (Grova et al., 2007; Saunders et al., 2001 Saunders et al., , 2002 . Nevertheless, for a complete risk assessment, long-term animal exposure to B(a)P is essential. In this study, we firstly described that 90-days gavage administration of B(a)P in adult male rats induced LM deficits in the Morris water maze. Our data are of limited help in understanding the potential for neurotoxicity from long-term exposure to B(a)P. Meanwhile, PAH levels exceeding 4 mg/kg have been reported at hazardous waste sites (ATSDR, 1995) . It has been estimated that approximately 11 million individuals live within a one mile radius of hazardous waste sites (ATSDR, 1995). We used 2 mg/kg for 90 days as subchronic exposure, according to the level detected in environmental settings, such as the ingestion of contaminated food and water, industrial settings or people living close to hazardous waste sites (ATSDR, 1995) . Behavioral changes are usually the first indications of exposure to a neurotoxicant. Morris water maze was designed by English psychologist Morris at 1980s, the place navigation and probe test were considered to be the most specific test for LM. From the results of the water maze test presented in this study, when compared to the control, the animals exposed to B(a)P showed significant increase in the escape latency (Fig. 1) and significant decrease in both the time spent in target quadrant and numbers of animals cross the exact location of the original platform (Figs. 2 and 3) . These indicators suggested sub-chronic exposure to B(a)P also induced significant impairment on the function of LM. Our results were in agreement with previous studies (Bouayed et al. 2009; Grova et al., 2007) .
A key trait of neurotoxicants is their ability to cause structural lesions in the nervous system. Thus, neuropathologic assessment is an essential element of neurotoxicity studies that are designed to evaluate chemicallyinduced risk to neural substrates in rats. Therefore, in the present study, transmission electron microscopy was used to evaluate and characterize the neurotoxicity of B(a)P. In neuronal ultrastructural detection in the hippocampus, we found that exposure to B(a)P resulted in ultrastructural alterations, such as distorted mitochondria, rough endoplasmic reticulum expansion, golgi apparatus disruption etc. In the rodents, the hippocampus is critical for LM. These ultrastructural alterations in the hippocampal neurons suggested impaired or reduced synthesis of cellular proteins within the cytoplasm. Thus it is logical to postulate that these hippocampal ultrastructural alterations would be an essential mechanism of B(a)P-induced LM impairment.
The hippocampus is a key structure to study gene expression changes associated with LM deficits induced by B(a)P. LM in adult male rat brain is associated with growth, inflammation, protein/lipid metabolism, neural development, energy metabolism, cell signaling, transcription regulation, and apoptosis etc. These functional changes of neurons are mediated via the differential expression of many genes (Kadish et al., 2009; Burger et al., 2008; O'Sullivan et al., 2007; Burger et al., 2007; Brouillette et al., 2007; Cavallaro et al., 2002) . The 
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data of the present study extend our knowledge on protein expression profiling in adult male rats. In this study, potential proteins associated with mechanisms of LM deficits were screened from proteins of differential expression. RAR knockout mice exhibit greatly reduced LTP and long-term depression (LTD) has been established (Chiang et al., 1998) . Our results showed that treatment of sub-chronic B(a)P significantly decreased the expression of RARb. It was also suggested that RARb-mediated inhibition of LTP could be postulated as a reason for B(a)P-induced LM deficits. Likewise, Brain-derived neurotrophic factor (BDNF) acts on certain neurons of the CNS, helping to encourage the growth and differentiation of neurons and synapse (Bekinschtein et al., 2008; Vyssotski et al., 2002; Zigova et al., 1998) . These evidences indicated an important role for BDNF in LM. However, how B(a)P induced down-regulation of BDNF is under an intense investigation. Previous results also suggested that increased Syt1 in the hippocampus in mice might be responsible for the impairment of LM (Chen et al., 2007) . Nevertheless, in this study, Syt1 was down-regulated in the B(a)P-treated group. The mechanisms responsible for this alteration are also not understood. Otherwise, in antibody microarray, we also found other 46 proteins were changed in the B(a)P-treated group (shown in Tables 1  and 2 ). However, these proteins have not been addressed in the literature for their function in LM. There may be another mechanism underlying the LM deficits, and further studies are required. In summary, our studies using a combination of proteomics and toxicological approaches uncovered several note-worthy characteristics of the effects of B(a)P on the function of LM. Our findings provide a molecular basis for further investigation of the mechanisms underlying B(a)P neurotoxicity and perhaps even other neurodegenerative diseases. It should be emphasized that the data in the present study do not provide proof of protein relationship, but they do provide suggestions that help to direct further research. In other words, although a direct correlation is yet to be demonstrated, our findings provide new insight into molecular study of LM deficits induced by B(a)P. 
